ABSTRACT The present study evaluated the folliclestimulating hormone (FSH) effect on cell proliferation and steroid production by chick embryo testis. Dissociated cells from 18-d-old embryos were cultured on polycarbonate membranes in defined media. In some experiments, cells were further separated by a metrizamide gradient, and 5 cellular subpopulations were recovered and cultured. [ 
INTRODUCTION
The hypothalamic-pituitary-gonadal axis of the chick embryo starts functioning by d 13 of incubation (Woods et al., 1975 (Woods et al., , 1989 Woods, 1987) . It has been demonstrated that the chick synthesizes steroid hormones very early in embryonic development (Haffen and Cedard, 1968; Guichard et al., 1973) . Testosterone synthesis continues after hatching, as has been demonstrated in vitro in the testes of 2-d-old chicks (Connell et al., 1966) . Furthermore, the chick embryo gonads are able to respond to gonadotropin stimulus. Teng et al. (1982) observed a stimulatory effect of follicle-stimulating hormone (FSH) and mammalian luteinizing hormone (LH) on the production of 17β-estradiol and testosterone by the ovaries of 15-d-old chick embryos.
Our group has previously reported an effect of FSH and human chorionic gonadotropin (hCG) in the mainte- To whom correspondence should be addressed: mromano@fisio. cinvestav.mx.
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sponse curve to hFSH resulted in an ED 50 of 0.25 IU/mL. The stimulatory effect of hFSH on total number of cells and on [ 3 H]thymidine incorporation was significant at 36 h of culture and was maintained up to 60 h. Testosterone production increased with the addition of FSH or rhFSH, meanwhile estradiol production was below the limit of detection of RIA. The hFSH proliferative effect measured as [ 3 H]thymidine incorporation was observed only in the F3, F4, and F5 fractions of the density gradient. Present results show that hFSH and rhFSH, but not hCG or estradiol, stimulate testis cell proliferation in a time-and dosedependent manner. The combination of [ 3 H]thymidine incorporation and testosterone production in fractions obtained from the metrizamide density gradients suggests that the cell fractions of the chick embryo testis show a differential response to FSH.
nance of basal and gonadotropin-stimulated testosterone production by newly hatched chick testes (Castro and Romano, 1994) . We found that gonadotropins enhance the testis production of androgens in a time-and dosedependent manner, suggesting that these hormones modulate the steroidogenic activity of the neonatal population of chick testis cells (Castro and Romano, 1994) . Furthermore, the addition of 0.5 IU/mL of recombinant FSH for 60 h has been shown to stimulate DNA synthesis, cell proliferation, and 17β-estradiol secretion in the ovaries and testes at 8, 10, 13, 15, and 17 d of embryonic development (Velázquez et al., 1997; Pedernera et al., 1999) .
In the present paper, we have further investigated the effect of FSH on the proliferation of embryonic chick embryo testis cells by determining the time course of the effect and the dose-effect response of human FSH (hFSH). Because FSH stimulates aromatization and thus increases the synthesis of estradiol, we decided to investigate if the effect of hFSH on the testis was mediated by estradiol. It has been shown that estradiol stimulates cell proliferation in the mammalian ovary (Dorrington et al., 1993) , however it did not enhance the proliferation of 18-d-old chick embryo ovaries (Velázquez et al., 1997) . To our knowledge, there is no information available on the role of estrogens on the proliferation of chick embryo testis cells. In the present paper, we have compared the effect of human and recombinant human FSH (rhFSH) with that of estradiol, and the effect of FSH on testis cell proliferation with the possible effect of another gonadotropin, hCG (which shares receptors with LH) that modulates the secretion of testosterone in the chick testes (Castro and Romano, 1994) . To our knowledge, there is no information about the role of hCG in the proliferation of the chick testis cells, so we have compared the effect of FSH and hCG on the uptake of [ 
MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle's medium (DMEM), trypsin, and soybean trypsin inhibitor 2 were purchased from Grand Island Biological Co. BSA, metrizamide, sodium dodecyl sulfate, and human chorionic gonadotropin (hCG) were purchased from Sigma Chemical Co.
3 Human follicle-stimulating hormone (hFSH) from urine of postmenopausal women (Fertinorm HP) was obtained from Serono; 4 1 mIU is equivalent to 14 ng of hFSH and contains 0.2 pg of hLH (both immunodetected, Ulloa-Aguirre et al., 1995) . LH-free recombinant-derived human FSH (rhFSH, Gonal-F) was purchased from Serono. 4 Tissue culture plastic dishes and polycarbonate filters, 1.0-µm pore size and 13 mm in diameter, were purchased from Costar. Anti-testosterone and anti-17β-estradiol sera were obtained from ICN Biomedical.
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Testis Cell Preparation
Testes from 18-d-old chick embryos (Babcock B300) were dissected under sterile conditions, pooled in groups of 30, and incubated in 0.25% trypsin, in PBS (Ca 2+ and Mg 2+ free), pH 7.4, at 37°C in a shaking bath (90 cycles/ min). After 20 min of trypsin treatment, the dispersed testicular cells were treated with 0.5% soybean trypsin inhibitor in Dulbecco's Modified Eagle's medium (DMEM) with 1.0 mg/mL of BSA, and then washed with 2 changes of DMEM-BSA. In some experiments, dissociated testicular cells were applied at the top of a continuous metrizamide gradient (0 to 20%) prepared by diluting metrizamide in DMEM. The cells were centrifuged at 1,500 × g for 20 min. Five testicular cell subpopulations were obtained from the gradient, and recovered cells were washed twice with DMEM-BSA. The final cell number of each fraction was calculated using a hemacytometer chamber and adjusted to 5 × 10 5 cells/disk. Cell viability was always over 90%, as established by the trypan blue exclusion test (Tennant, 1964) . Cell subpopulations were cultured for 60 h. In the experiments devoted to testosterone production, 2 polycarbonate disks containing 5 × 10 5 cells each were placed in petri dishes. Steroid production was measured in the culture media after 60 h of incubation in the conditions described above.
Cell Culture, [ 3 H]Thymidine Incorporation, Cell Counting, and Hormone Assays
Samples of dissociated cells (5 × 10 5 cells) from the whole testes and from the 5 cellular subpopulations obtained from the density gradient were cultured on polycarbonate membranes as described by Escalante-Alcalde and Merchant-Larios (1992). The cells were resuspended in 20 µL of DMEM and were applied as a small drop in the center of the membrane, which was floating on 2 mL of DMEM-BSA plus 0.1 µCi of [ 3 H]thymidine. When necessary, 17β-estradiol (200 ng/mL, dissolved in 10 µL of ethanol), hFSH, rhFSH, or hCG 3 (2 IU/mL) was added to the medium at the beginning of the culture without any subsequent change of medium or replenishment. Cells were incubated at 37°C in a humidified environment of 95% air and 5% CO 2 for up to 60 h.
At the end of the culture period, polycarbonate membranes with the cellular aggregates were processed for [ 3 H]thymidine measurement. Briefly, the cellular aggregate was fixed with methanol:acetic acid 3:1, washed twice with 10% (wt/vol) trichloroacetic acid for 60 min at 4°C, then treated with 2% (wt/vol) SDS for 30 min at 60°C, transferred to scintillation vials, combined with Aquasol, 6 and counted in a scintillation counter (58% efficiency). Aliquots (50-µL) of the medium were collected for steroid production measurement; 17β-estradiol and testosterone were directly measured by specific and previously validated RIA (Pedernera et al., 1999) , using antitestosterone and anti-17β-estradiol sera. In some experiments, the cellular aggregates were dissociated from the polycarbonate membranes by 0.25% trypsin treatment, followed by 0.5% soybean trypsin inhibitor. Dissociated cells were recovered by centrifugation at 200 × g for 10 min and the total number of viable cells recovered was counted as described above.
Morphological Study
Samples of the cultured testicular cells were fixed by immersion in 4% paraformaldehyde with 0.25% glutaral- 
Statistics
Data were evaluated by ANOVA followed by Duncan's test for multiple contrasts.
RESULTS
The procedure used for culturing the testicular cells resulted in a multilayered aggregate. The electron micrographs showed that, at 60 h in culture, the cells were reassociated and no necrotic or altered areas were observed (Figure 1 ). The total number of cells recovered from the polycarbonate membranes after 60 h significantly increased when cultured in the presence of hFSH or rhFSH. On the other hand, no changes in the total cell number were observed in the hCG and 17β-estradiol treatment groups (Figure 2) . The incorporation of 2. Total number of cells recovered from the aggregates at the end of the culture period (60 h). Cells were from chick embryo testes at 18 d of development. Hormones, 17β-estradiol (E 2 ; 200 ng/ mL), human follicle-stimulating hormone (hFSH), recombinant human follicle-stimulating hormone (rhFSH) (0.5 IU/mL), or human chorionic gonadotropin (hCG) (2 IU/mL) was added at the beginning of the culture. Bars represent the mean ± SEM of 5 separate experiments. Asterisks represent statistical significance for comparison with the control (P < 0.01). control levels; a greater fold increase at 48 h was not demonstrated ( Figure 5 ).
Steroid hormone measurements showed that hFSH and hCG significantly stimulated testosterone production by the cultured testis cells (Figure 6 ). The estradiol concentration in the culture media was below the sensitivity of the RIA standard curve in all the groups (results not shown).
The results above were obtained by culturing a cellular suspension from the whole testis. In addition, we have investigated [ 3 H]thymidine incorporation to 5 subpopulations obtained from a metrizamide density gradient after FIGURE 3. Incorporation to the testis cell aggregates after 60 h of culture. Hormones, 17β-estradiol (E 2 ; 200 ng/mL), human follicle-stimulating hormone (hFSH), recombinant human follicle-stimulating hormone (rhFSH) (0.5 IU/mL), or hCG (2 IU/mL), and [ (Figure 7a) . No changes occurred when hFSH was added to fractions F1 and F2. The measurement of testosterone production in the culture media showed that F4 had the lowest basal steroid production. All fractions significantly increased testosterone production in the presence of FSH. However, the F5 response to hFSH was twice that of the F2, F3, and F4 responses (Figure 7b ). 
DISCUSSION
The method used for culturing the testicular cells, that is, seeding a high-density cell suspension on polycarbonate membranes, is similar to an organ culture system. This technique allows the formation of small multilayer aggregates where cell reassociation facilitates interactions between cells (Merchant-Larios and Moreno Mendoza, 1998). Although the culture medium was not supplemented with serum, testicular cells had a normal appearance after 60 h of culture, a fact that was evident in the electron microscopy images. In addition, the constant increment in [ 3 H]thymidine incorporation by the cultured cells ( Figure 5 ) and their ability to produce testosterone and respond to gonadotropin stimulation ( Figure 6 ) suggest that the cells were in appropriate physiological conditions.
Only the addition of hFSH to the defined culture medium increased both the number of cells and the DNA synthesis in cultured testicular cells of 18-d-old chick embryo. Effects were observed with hFSH of high purity and with rhFSH, which is devoid of LH activity, demonstrating the specificity of the FSH effect on testis cell proliferation (Figure 3) . It was important to differentiate the hFSH effects because hCG has been demonstrated to stimulate 17β-estradiol secretion in the ovary of the newly hatched chicken (Guichard et al., 1979; Pedernera et al., 1988) . The results of our experiments (Figures 3 and 6 ) strongly suggest that the role of hCG would be to stimulate the steroidogenic function of a stable population of mature Leydig cells.
We did not find any effect on the proliferation of testis cells with the addition of 17β-estradiol. Therefore, it seems unlikely that the effect of FSH on cell proliferation would be the consequence of stimulation of estradiol production by hFSH. A role for growth factors as intermedi- ]thymidine incorporation to testicular cell subpopulations obtained from the density gradient after being incubated in the presence of hFSH for 60 h. WT indicates the uptake by the whole testis cell suspension. F1 to F5 represent the 5 cellular fractions recovered from the gradient. Bars represent the mean ± SEM of 4 separate experiments, each with 4 replicates. Asterisks indicate statistical significance (P < 0.05). Panel B: production of testosterone by testicular cell subpopulations obtained from the density gradient after being incubated in the presence of hFSH for 60 h. WT indicates the production by the whole testis cell suspension. F1 to F5 represent the 5 cellular fractions recovered from the gradient. The production of testosterone by F1 was not detectable. Bars represent the mean ± SEM from 3 determinations by duplicate from 3 separate experiments. ND = nondetectable. Asterisks indicate statistical significance (P < 0.05).
ates in the FSH effect on DNA synthesis by granulosa cells has been postulated by numerous authors. One such example is that of insulin-like growth factor-I, which potentiates the FSH effect on DNA synthesis (Bley et al., 1992; Young et al., 1992) . Another example is the requirement of transforming growth factor-β for FSH-stimulated cell proliferation (Dorrington et al., 1993) . Embryonic cells are an important source of growth factors in many tissues, therefore the chick embryo testicular cells may be producing growth factors such as insulin-like growth factor-I or transforming growth factor-β to sustain the FSH-stimulated proliferation of testis cells, as has been shown in mammalian cells (Lin, 1996; Saez and Lejeune, 1996) . The incorporation of [ 3 H]thymidine by cell fractions obtained with the metrizamide gradient showed that the effect of FSH was not the same for all the fractions ( Figure  7a ). Fraction F2, which did not proliferate in response to FSH, significantly increased testosterone production in the presence of hFSH, suggesting that this subpopulation may be mainly composed of mature Leydig cells that are no longer proliferating. In contrast, the F5 cells increased both cell proliferation and testosterone production in the presence of FSH, suggesting that the F5 fraction contained pre-Leydig cells that are still proliferating and are simultaneously capable of increasing steroid production in the presence of gonadotropins. It may be that cell fractions F3 to F5, which significantly proliferated in the presence of FSH, are enriched in fibroblasts and Sertoli cells; abundant mitoses were observed in these fractions (not shown). Interestingly, both cell types are important producers of growth factors in the mammal (Skinner, 1993) . Although the metrizamide gradient could not perform a 100% separation of the embryonic testis cells subpopulations, the technique showed that FSH selectively stimulated the proliferation of certain embryonic testis cells. In addition, the combination of [ 3 H]thymidine incorporation and testosterone production by the cell fractions gave additional information regarding the effect of FSH on testis cells.
It is well known that Leydig cells have differentiated at 18 d of embryonic development and are actively producing testosterone. The response of chick embryo testes to hCG suggests that this exogenous gonadotropin crossreacts with one of the chicken hormone receptors, likely the LH receptor ( Figure 6 ). There are several reports that cultured embryonic testis cells respond to hCG, increasing androgen production (Guichard et al., 1979; Bobes et al., 2001) . Furthermore, Huhtaniemi et al. (1984) have shown that hCG and LH share the same receptor in mammalian gonads. Although no receptors for FSH have been found in Leydig cells, the important effect of hFSH on testosterone production observed in the present study may be explained by paracrine interactions (Saez and Lejeune, 1996) . A similar effect of FSH on testosterone production has been shown in cultured newborn testes, even when FSH preparations containing a very low concentration of hCG were used (Castro and Romano, 1994) . To this regard, Lecerf et al. (1993) have described a stimulatory effect of human recombinant FSH on the basal and hCG-dependent testosterone production by rat fetal testes. The influence of FSH on steroid production by Leydig cells is probably mediated by trophic factors secreted by Sertoli cells (Saez and Lejeune, 1996) .
Our results strongly suggest that FSH plays an important role in the proliferation and function of the cell subpopulations that comprise the immature testes of the chick embryo, and clearly distinguish its effect from that of hCG and estradiol. Although hCG did stimulate testosterone production by the testis cells, no effects on cell proliferation could be observed. We also showed that the mechanism of action of FSH on testis cell proliferation is not mediated by estradiol, because this steroid did not induce any proliferative effect on the cultured cells.
